LiFePO 4 is a promising active material (AM) suitable for use in high performance lithium-ion batteries used in automotive applications that require high current capabilities and a high degree of safety and reliability. In this study, an optimization of the electrode design parameters was performed to produce high capacity lithium-ion batteries based on LiFePO 4 /graphite electrodes. The electrode thickness and porosity (AM density) are the two most important design parameters influencing the cell capacity. We quantified the effects of cathode thickness and porosity (LiFePO 4 electrode) on cell performance using a detailed one-dimensional electrochemical model. In addition, the effects of those parameters were experimentally studied through various coin cell tests. Based on the numerical and experimental results, the optimal ranges for the electrode thickness and porosity were determined to maximize the cell capacity of the LiFePO 4 /graphite lithium-ion batteries.
Introduction
With the growing popularity of electric vehicles (EVs) and hybrid electric vehicles (HEVs), rechargeable lithium-ion batteries have received increased research attention. Compared with the low-power batteries currently used for portable electronic devices, automotive batteries are required to provide higher power capability, lower heat dissipation, and better safety characteristics (due to the larger cell volume). To improve these characteristics, lithium iron phosphate (LiFePO 4 ) has been investigated by multiple. While LiFePO 4 has a theoretical charge capacity (specific energy) lower than that of the currently used materials (LiCoO 2 , LiMn 2 O 4 ), LiFePO 4 has several advantages, including a low cost, a good safety profile, low toxicity, and a long cycle life, that make LiFePO 4 a promising candidate for use in cathode materials, especially for EV and HEV applications.
In an attempt to improve the power performance of lithiumion batteries using LiFePO 4 , researchers have investigated the use of carbon coating [1] [2] [3] or metallic element doping [4] [5] [6] to increase the electrical conductivity, or by using nano-sized LiFePO 4 particles 7, 8 to decrease the ionic diffusion distance. In addition, optimization studies have also been conducted to determine the optimal ranges for the LiFePO 4 battery design parameters, including the particle size, the electrode thickness, the porosity (density), and the conductor ratio (conductor weight fraction). [9] [10] [11] [12] The optimization of the battery design parameters based solely on experimental approaches is difficult, not to mention time-consuming. 13 To facilitate the optimization, numerical modeling can help to accelerate the process by elucidating the effects of the electrode design parameters.
Many numerical studies have been conducted to investigate the effects of various design parameters for lithium-ion batteries. [14] [15] [16] [17] Many of these numerical studies are based on the mathematical models developed by Newman et al..
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For the modeling of LiFePO 4 materials, Srinivasan and Newman 22, 23 proposed a shrinking core model that demonstrated a good agreement between the experimental and predicted results for LiFePO 4 /natural graphite lithium-ion batteries. More physically accurate models have been proposed based on the phase transition with an anisotropic diffusion in the LiFePO 4 materials. [24] [25] [26] However, in order to optimize design parameters using continuum level simulations along with experimental results, the primary model developed by Newman et al. [18] [19] [20] [21] can be used to investigate and predict the effect of the design parameters such as the electrode thickness and density.
Among the various design parameters for the LiFePO 4 lithium-ion batteries, this study investigated the electrode thickness and porosity (AM density), aiming to obtain a high discharge capability for use in EV or HEV applications. A numerical simulation was conducted to first identify the general performance trends of the LiFePO 4 /graphite lithiumion batteries with respect to the electrode thickness and porosity. A one-dimensional (1D) electrochemical model coupled with a spherical particle diffusion model was developed using the Newman models. [18] [19] [20] [21] [22] [23] The performance trends were experimentally investigated by performing the cell tests. While the recent modeling work by Newman et al. 23 to design LiFePO 4 /natural graphite lithium-ion batteries systems may not correspond well with experimental results, we improved this modeling approach using a careful reexamination of the experimental results to further optimize our numerical simulations for the design parameters. From a practical point of view, our experimental and simulation studies have an improved accuracy and can be immediately adapted to the lithium-ion battery industries to determine the optimal ranges for the electrode thickness and porosity.
Methods
Experimental. The AMs for the experiment, LiFePO 4 and graphite (supplied by Samsung SDI Corp., LTD) were in powder form and had an average particle size of 150 nm and 10 μm, respectively. The cathode slurry was prepared by mixing the LiFePO 4 powder with a polyvinylidene fluoride (PVDF) binder and an acetylene black (AB) conductor powder in an N-methyl pyrrolidone (NMP) solvent. Both the AB and PVDF were added to the slurry to a concentration of 5 wt %. The anode slurry was prepared by mixing the graphite powder with the PVDF binder with a mixing ratio of 95 wt % for the AM and 5 wt % for the PVDF. The slurries were coated onto an Al foil and a Cu foil to form a cathode and an anode. Tthe electrodes were dried in an oven at 80 o C for 4 h. The thickness of the LiFePO 4 electrodes were varied from 60 μm to 120 μm by both controlling the height of the doctor blade and changing the amount of the NMP added to the slurry. The thicknesses of the graphite anode were determined to be proportional to the corresponding capacity of the LiFePO 4 electrode assembled in a full cell. The density of the AM in the electrode was determined by varying the compression ratios with a mechanical calendaring process. The values of the density were approximately 1.95, 2.05, and 2.23 g/cm
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. After compaction to a certain density, the electrodes were dried in a vacuum oven at 80 o C for 12 h. A LiFePO 4 electrode and a graphite electrode were placed in a standard coin cell construction (2032 type, Hoshen), and an ethylene carbonate/dimethyl carbonate/ethylmethyl carbonate (1:1:1 vol %) solution with 1 M LiPF 6 was added as the electrolyte. The electrochemical behaviors of these cells were tested for several galvanostatic charge/discharge cycles using a battery cycler (Maccor 4000, Maccor Inc., USA) with a cut-off voltage range from 2.5-4.0 V. The applied charge/discharge current rate ranged from 0.1C to 2C.
Numerical. Numerical simulations were used to investigate the electrochemical behaviors during the discharge cycle of the LiFePO 4 /graphite cells. A numerical code was developed based on the mathematical model proposed by the Newman group. [18] [19] [20] [21] [22] [23] This code modeled the electrochemical and transport processes in a 1D lithium-ion battery formed with multiple layers, including a separator layer, electrode layers, and current collector layers. The mass transport inside the AM particles was also included in the code using spherical coordinates. Using the finite difference method with implicit time marching, the numerical code was used to solve for the following main variables: solid potential, F1, the electrolyte potential, Φ 2 , the electrolyte concentration, c, the solid concentration, c s , and the local current density, j i .
The governing equation for the solid phase potential, Φ 1 , in the negative or positive electrode (i = n, p) is expressed as ,
wher σ eff,i (S/m) is the effective electronic conductivity of the solid phas a i (m
) is the specific surface area of the AM particles, F is the Faraday's constant (96,487 C/mol), j i and (mol/m 2 -s) is the local current density (the intercalation flux of the lithium ions on the surface of the AM particle). The concentrated solution theory was used to describe the solution phase potential, Φ 2 , in the negative electrode, the separator, or the positive electrode (i = n, s, p) (2) where κ eff,i (S/m) is the effective ionic conductivity of the electrolyte phase, R is the universal gas constant (8.314 J/ mol-K), T (K) is the absolute temperature, t + is the transference number of the lithium ions in the electrolyte, and c (mol/m Table 2 . Table 3 shows the correlations for the effective conductivity and diffusivity, the active surface area per unit volume, and the equilibrium potential for the negative and the positive electrodes. The physical parameters required for the simulations are summarized in Table 4 and Table 5 . The electrode parameters provided in Table 5 , including the volume ratio, the AM density, and the theoretical capacity at various thicknesses and porosities, were determined experimentally.
Results and Discussion
Simulation. Numerical simulations were performed to first investigate the effects of the electrode thickness and porosity on the discharge capacity of the LiFePO 4 /graphite lithium-ion batteries below a 2 C current rate. The discharge curves were recorded during the experimental cell tests with a LiFePO 4 electrode with a 76 μm thickness and a 2.05 g/ cm 3 AM density (the porosity was estimated to be approximately 0.31). These results were used to determine the model parameters provided in Table 3 . As shown in Figure 1 , the comparisons between the measured and the simulated discharge curves at current rates of 0.5 C, 1 C, and 2 C show relatively good agreement, indicating the validity of the present simulations. In Table 3 , the diffusion coefficient and the reaction rate constant for the electrodes were determined from the curve fitting. The solid phase conductivity for the electrodes was measured by using the 4-point probe techni- Table 2 . Boundary condition
Boundary conditions Electrode-separator interface
Electrode-current collector interface
Solid potential, Φ1
Electrolyte potential, Φ2 Continuous
Concentration, c Continuous
Solid concentration, cs Table 3 . Expressions used in the battery simulation
13.36 21.95x que. The particle size of the LiFePO 4 and the graphite were estimated from the SEM images. The other parameters in Table 3 were obtained either from the specification and operating conditions or from references in the literatures.
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The discharge behaviors of the LiFePO 4 /graphite batteries were calculated for the electrode porosities of 0.31 and 0.25 with varying electrode thicknesses. In Table 4 , the cathode parameters for the two porosity cases are provided. Figure 2 shows the dependency of the discharge capacity on the electrode thickness at a constant porosity of 0.31 as predicted by the numerical simulation. In Figure 2(a) , the voltage drop increases as the cathode thickness exceeds 110 μm at a current rate of 1 C, leading to a significant capacity loss. The transport limitations in the electrolyte phase may be the dominant reason for the voltage drop and the capacity loss, becoming significant with increasing electrode thickness. At a 2 C current rate, the electrodes with a thickness greater than 85 μm experience a significant voltage drop and a capacity loss as shown in Figure 2 (b). High current rates require high ion transport rates, leading to increased transport limitations in the electrolyte phase at small cathode thicknesses. Figure 3 shows the simulated discharge curves for the various electrode thicknesses at a constant porosity of 0.25. Compared with Figure 2 , the porosity is reduced by approximately 20% from 0.31 to 0.25. Similar to the trend observed in Figure 2 , the voltage drop and the capacity loss shown in Figure 3 also increase significantly with increasing electrode thickness past a certain critical electrode thickness. This critical thickness value may result from severe transport limitations in the electrolyte phase. The critical thickness value is expected to be strongly dependent on the electrode porosity and current rate. In Figure 3 (a) and (b), the critical thicknesses for an electrode porosity of 0.25 were estimated to be approximately 95 μm for a 1 C rate and 70 μm for a 2 C rate. As shown in Figure 2 , the electrodes with the porosity of 0.31 indicate that the critical thicknesses are approximately 110 μm for a 1 C rate and 85 μm for a 2 C current rate. In summary, decreasing electrode porosities with increasing current rates resulted in small values for the critical thickness.
To compare the cell capacities, the discharge capacity per unit area should be considered. As shown in Table 4 , the theoretical area specific discharge capacities were estimated to be 3.474 mAh/cm 2 for a porosity of 0.31 and 3.776 mAh/ cm 2 for a porosity of 0.25 for the electrode thickness of 100 ìm, indicating that electrode compression was required to increase the volumetric energy density of the lithium-ion batteries. However, the dense electrodes may have caused a severe voltage drop at the high current rates, reducing the discharge capacity.
The area specific discharge capacity predicted by the numerical simulation is presented in Figure 4 . The effects of the AM density (porosity) and the electrode thickness are well observed. Figure 4 is a rearrangement of Figures 2 and   3 in terms of the area specific discharge capacity. The AM densities are shown in Table 4 , with values of 2.04 g/cm 3 corresponding with the electrode porosity of 0.31 and 2.22 g/cm 3 corresponding with a porosity of 0.25. For small electrode thicknesses, the discharge capacity is reasonably proportional to the electrode thickness and the AM density (Fig. 4) . In this region, the transport limitations in the electrolyte phase are believed to be negligible as the dominant decrease in voltage stems from the solid phase diffusion loss in the AM particles.
As the electrode thickness increases to be greater than the critical values, the discharge capacity decreases rapidly, primarily due to the transport limitations in the electrolyte phase. To obtain a high discharge capacity at a 1 C current rate, the curves in Figure 4(a) suggest that the electrode thicknesses should be less than 110 μm for an AM density of 2.04 g/cm 3 or less than 95 μm for an AM density of 2.22 g/ cm 3 . The critical thickness was reduced from 110 μm to 95 μm with the increased transport limitations in the dense electrodes. The critical thickness was further reduced with increasing transport limitations at high current rates. At a 2 C rate, the critical thickness was 85 μm for an AM density of 2.04 g/cm 3 and 70 μm for an AM density of 2.22 g/cm 3 . The concentration profiles for the lithium ions in the electrolyte at the end of the discharge process (at the instance the discharge voltage reaches the cut-off voltage) are shown in Figure 5 , using the same simulated conditions for Figure  2 (a) or Figure 4 (a) (1 C current rate and 2.04 g/cm 3 AM density). As shown in Figure 5 , the concentration of the lithium ions decreased from the anode to the separator and from the separator to the cathode. The concentration in the anode increased with the deintercalation of the lithium ions from the AM particles. Likewise, the concentration in the cathode decreased with the intercalation of the lithium ions into the AM particles. As shown in Figure 5 , the slope of the lithium-ion concentration increases with increasing electrode thickness as the transport of the lithium ions in the electrolyte phase becomes restricted in the thick electrodes. The low lithium-ion concentration in the cathode (along with the high concentration in the anode) observed in the thick electrodes resulted in additional voltage drops that reduced the discharge capacity.
As shown in Figure 6 , the average SOC in the cathode at the end of the discharge process was analyzed to investigate the effective utilization of the LiFePO 4 AM particles. The simulated conditions were the same as those used in Figure  5 , such as a current rate of 1 C and an AM density of 2.04 g/ cm 3 . The average SOC denotes the degree of the lithium-ion intercalation in the AM particles. With a value of 0.1 at the fully charged state, the average SOC in the cathode continuously increased during the discharge process, with the intercalation of the lithium ions. An analysis of Figure 6 indicated that the average SOC at the end of the discharge process was relatively uniform at approximately 0.9 for electrode thicknesses smaller than the critical thickness of 110 μm. With the ion transport limitations, the average SOC had high values near the separator and low values near the current collector. With the cathode thickness exceeding the critical value, the average SOC was non-uniform, with the cell voltage prematurely dropping to values below the cut-off voltage (2.5 V) before the intercalation sites in the LiFePO 4 AM particles were fully utilized.
Cell Tests. The cell tests were conducted with the LiFePO 4 / graphite lithium-ion batteries to investigate the observed trend of the discharge capacity around the critical electrode thickness. The LiFePO 4 cathodes with thicknesses ranging from approximately 70 μm to 120 μm and AM density values similar to those in the simulated conditions were fabricated for the cell tests. In this study, the minimum required discharge capacity was set to 120 mAh/g or 2.5 mAh/cm 2 at a 1 C current rate. The electrode design parameters leading to a capacity higher than this value were assumed to be in the optimal ranges. Figure 7 shows the discharge capacity per AM mass (mAh/g) measured during the cell tests. The AM mass specific discharge capacity decreased with the current rate, indicating that an increased amount of energy stored in the batteries can be used at small operating current rates. At a current rate below 0.5 C, no significant capacity loss was observed for an electrode thickness of 120 μm, as shown in Figure 7 (a) and (b). With a constant discharge capacity per AM mass, increasing the electrode thickness resulted in an increased area specific discharge capacity.
As shown in Figure 7 , the discharge capacity loss for the thick electrodes became noticeable with increases in the current rate to 1 C and 2 C. This reduction in the AM mass specific discharge capacity was related to the transport limitations in the electrolyte phase that resulted in a decreased area specific discharge capacity even with the large electrode thickness. The critical thickness line shown in Figure  7 (a) can be used to determine the proper range for the electrode thickness at the AM density of 2.05 g/cm 3 , i.e., approximately 100 μm for a 1 C current rate and 90 μm for a 2 C current rate. With values below this critical electrode thickness, the discharge capacity can be maintained at values higher than approximately 135 mAh/g, 125 mAh/g, and 110 mAh/g for the 0.5 C, 1 C, and 2 C current rates, respectively. Compared with the capacity at the 0.1 C rate, these capacities correspond with the capacity efficiency of approximately 95%, 89%, and 79% at the 0.5 C, 1 C, and 2 C rates, respectively.
As shown in Figure 7 (b), the discharge capacity of the dense electrodes exhibited higher capacity losses with increasing electrode thickness. At the AM density of 2.23 g/cm 3 , the critical thickness decreases to approximately 95 μm for the 1 C current rate and 80 μm for the 2 C current rate. Beyond this critical electrode thickness, the discharge capacity loss dropped significantly. In summary, an analysis of Figure 7 suggests that the electrode thickness and the AM density should be properly designed to avoid a severe capacity loss, especially for the thick electrodes and high current rate applications.
The experimental results for the discharge capacity per unit area (mAh/cm 2 ) are shown in Figure 8 for the three AM densities of 1.95 g/cm 3 , 2.05 g/cm 3 , and 2.23 g/cm 3 with various electrode thicknesses. As shown in Figure 8 , the discharge capacity determined from the cell tests also was consistent with the simulated trends around the critical electrode thickness. The area specific discharge capacity increased in proportion to the electrode thickness, dropping rapidly as the electrode thickness exceeded the critical value. Using Figure 8 , the critical electrode thickness was estimated to be 125 μm for an AM density of 1.95 g/cm 3 , 110 μm for 2.05 g/ cm 3 , and 100 μm for 2.23 g/cm 3 at a 1 C current rate. These values are similar to the predicted critical thicknesses at a 1 C current rate using the numerical simulation (approximate-
, as shown in Figure 8 . From the minimum required discharge capacity of 2.5 mAh/cm 2 at a 1 C current rate, the optimal electrode thickness was determined to be 115 μm, 100 μm, and 90 μm for 1.95 g/cm . Figure 9 . The measured discharge capacity as a function of the electrode thickness for the AM densities at of 2.05 and 2.23 g/cm these thicknesses, the discharge capacity can be maintained at high values of approximately 2.9 mAh/cm 2 , 2.5 mAh/cm 2 , and 2.5 mAh/cm 2 at a 1 C current rate and 2.2 mAh/cm 2 , 2.0 mAh/cm 2 , and 1.7 mAh/cm 2 at a 2 C current rate. Dense electrodes can greatly enhance the volumetric energy density needed to achieve the same area specific discharge capacity at the 1 C current rate. As the current rate increases, these dense electrodes also experience an increased capacity loss.
The AM density in the cathode is also an important design parameter that governs the discharge capacity. At a fixed cathode thickness of 100 μm, an analysis of Figure 8 indicated that the optimal AM density values were 2.23 g/cm 3 , 2.05 g/cm 3 and 1.95 g/cm 3 for operating current rates of 0.5 C, 1 C, 2 C, and 3 C, respectively. This analysis suggests that a reduction in the AM density would increase the area specific discharge capacity for the high current rate applications. For low current rate applications, the dense and thick electrodes can be used to produce the highest discharge capacity. As shown in Figure 8 (c), the discharge capacity with values as high as 3.4 mAh/cm 2 can be achieved with an electrode thickness of 110 μm and an AM density of 2.23 g/cm 3 . Figure 9 summarizes the trend of the discharge capacity as a function of the critical electrode thickness as measured from the cell tests. The discharge capacity trend shown in Figure 9 was similar to the values determined from the numerical simulations shown in Figure 4 , although the estimated critical electrode thicknesses were different. In addition, the discharge capacity was also slightly different between the model prediction and the cell test results, by approximately 10%. The numerical model correctly predicted the important trend regarding the electrochemical phenomena, suggesting that this model may be useful as an efficient design tool for the development of electrochemical cells.
The discharge voltage curves measured from the cell tests at a 1 C rate, shown in Figure 10 , were used to investigate the effects of the electrode thickness and the AM density. In Figure 10 (a), the curves for a constant AM density of 2.05 g/ cm 3 exhibit a slight voltage drop upon increasing the electrode thickness from 76 μm to 100 μm. The voltage drop increased rapidly as the electrode thickness exceeded the critical thickness of 110 μm, as determined from an analysis of Figure 8 . The discharge voltage showed a decrease of approximately 0.2 V for an electrode thickness of 120 μm, with a reduction in the discharge capacity from 130 mAh/g , the voltage drop caused by the transport limitations in the electrolyte phase increased with a concomitant decrease in the discharge capacity from 130 mAh/g to 90 mAh/g. A value of the AM density higher than the optimal value can cause significant capacity loss, indicating that an optimization of the electrode thickness and AM density is necessary to achieve an increased capacity of the LiFePO 4 /graphite lithium-ion batteries. Figure 11 illustrates the SEM images (×10,000) of the LiFePO 4 electrodes for the AM densities of 2.08 g/cm 3 and 2.23 g/cm 3 . As shown in Figure 11 , the pore volume decreased and the transport paths increased in tortuosity with increasing AM density. The transport of the lithium ions in the electrode may not be problematic for low current rate operations. For high current rate operations, the lithium-ion transport through these tortuous paths can be significantly hindered, limiting the cell capacity. The AM density of 2.23 g/cm 3 is a high value that requires an approximately 45% compression of the initial electrode thickness during the fabrication process.
Conclusion
In this study, numerical simulations and experimental cell tests were performed to investigate the effects of the electrode thickness and the porosity (AM density) on the discharge performance of LiFePO 4 /graphite electrodes, with the goal of producing high-capacity lithium-ion batteries. The numerical model parameters were determined by fitting the simulated discharge curves to the experimental curves recorded during the cell tests. The numerical simulation predicted that the area specific discharge capacity for a given AM density had a maximum capacity at a critical electrode thickness. A further increase of the electrode thickness above that critical thickness did not contribute to the capacity enhancement. From the simulation results, the critical thickness for the LiFePO 4 electrodes was estimated to be 110 μm for an AM density of 2.04 g/cm 3 and 95 μm for an AM density of 2.22 g/cm 3 at a 1 C current rate. Cell tests were also conducted to examine the discharge capacity at thickness levels near the critical electrode thickness. The LiFePO 4 /graphite lithium-ion batteries with cathode thickness values ranging from approximately 70 μm to 120 μm were fabricated using values of the AM density controlled at levels similar to those in the simulated conditions. The discharge capacity determined by the cell tests showed a similar trend to the values predicted from the numerical simulations, with slight differences in the estimated critical electrode thicknesses for the given AM density at a 1 C current rate as follows: 125 μm for 1.95 g/cm , respectively. The LiFePO 4 /graphite lithium-ion batteries with these electrode design parameters were observed to produce area specific discharge capacities greater than 2.5 mAh/cm 2 using a 1 C current rate.
The numerical simulation indicated that the lithium-ion transport limitations in the electrolyte phase were responsible for the capacity loss in the thick and the dense electrodes. For the thick and the dense cathodes, the voltage drop upon significant decreases in the lithium-ion concentration may cause the discharge voltage to reach the cut-off voltage values before the full utilization of the AM particles. The SEM images of the compressed electrodes were also inspected, demonstrating that the transport paths through the pores increased in tortuosity as a function of the compression. The highly compressed electrodes can result in significant transport limitations at high current rates by reducing the effective diffusivity and conductivity in the electrolyte phase. Energy Porosity of the electrode i (i = n, p) ε f,i
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